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ABSTRACT 

In the absence of a Higgs particle vector boson scattering am- 
plitudes are generally described by an electroweak chiral La- 
grangian below the resonance region. For a Linear Collider with 
CMS energy -^s = 1.6 TeV and an integrated luminosity of 
200 fb^^ we estimate the sensitivity on the chiral parameters 
q;4 and a^. We consider the processes e+e^ — > W^W^ vv 
and e+e~ — > ZZvv, performing a complete calculation which 
includes all relevant Feynman diagrams at tree level, without re- 
lying on the Equivalence Theorem or the Effective W Approxi- 
mation. The dominant backgrounds and W jZ misidentification 
probabilities are accounted for. 

I. INTRODUCTION 

Without the cancellations induced by a Higgs resonance, the 
scattering amplitudes of massive vector bosons grow with rising 
energy, saturating the unitarity bounds in the TeV region 
Thus there is a strongly interacting domain which lies within 
the reach of the next generation of collider experiments. One 
usually expects new resonances which manifest themselves as 
peaks in the invariant mass distribution of massive vector boson 
pairs VV in reactions which contain the nearly on-shell scatter- 
ing V'V VV as a subprocess. 

As Barger et al. have shown [||], with a suitable set of kine- 
matical cuts different resonance models (in particular, a ITeV 
scalar and a 1 TeV vector) can clearly be distinguished by ana- 
lyzing the two modes e+e^ W'^W'^vvwde^e^ ZZvv 
at a Linear Collider with 1.5 TeV CMS energy. A number of 
similar analyses for hadron, e~e~, and muon collisions have 
also been performed ^] . 

This result encourages one to consider the same processes in 
the more difficult case when resonances do not exist or are out of 
reach of the particular experiment. In the following we present 
results for the sensitivity on details of the strong interactions 
as a two-parameter analysis, carried out in the framework of a 
complete tree-level calculation. 

II. CHIRAL LAGRANGIAN 

Below a suspected resonance region the electroweak theory is 
properly parameterized in terms of a gauged chiral Lagrangian 
which incorporates the spontaneous breaking of the electroweak 
symmetry. This Lagrangian induces a low-energy approxima- 
tion of scattering amplitudes organized in powers of the en- 
ergy %■ 

Models for strong vector boson scattering are usually embed- 
ded in Standard Model calculations via the Equivalence Theo- 
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rem and/or the Effective W Approximation However, 
they are not needed for our purpose, since the very nature of chi- 
ral Lagrangians as effective low-energy theories allows a com- 
plete calculation without approximations. For an accurate esti- 
mate of the sensitivity the correct treatment of transversally po- 
larized vector bosons and interference effects is essential, and 
the full kinematics of the process must be known in order to 
sensibly apply cuts necessary to isolate the signal. 

In our study we made use of the automated calculation pack- 
age CompHEP [^. For technical reasons, the chiral Lagrangian 
has been implemented in 'tHooft-Feynman gauge: 



C = Cg + Cgf + Cfp + Ce + Co + + C5 



where 
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III. PARAMETERS 

To leading order the chiral expansion contains two indepen- 
dent parameters which give rise to W and Z masses. The fact 
that they are related, i.e., the Ap (or AT) parameter is close to 
zero, suggests that the new strong interactions respect a custo- 
dial SU2 X SU^ symmetry [p^, spontaneously broken to the 
diagonal S'C/2. 

In next-to-leading order there are eleven CP-even chiral pa- 
rameters. Two of them correspond to the S and U parame- 
ters [Q. Four additional parameters describe the couplings of 
three gauge bosons. They can be determined, e.g., at e+e^ col- 
liders by analyzing W boson pair production [ p^ . In our study 
we assume that these parameters are known with sufficient ac- 
curacy. For simplicity, we set them to zero. 

The remaining five parameters are visible only in vector bo- 
son scattering. If we assume manifest custodial symmetry, only 
two independent parameters 0:4 and 05 remain. They can be 



determined by measuring the total cross section of vector boson 
scattering in two different channels. 

In the present study we consider the two channels W^W^ 
W^W^ and W^W^ ZZ which are realized at a Linear 
Collider in the processes e+e^ W^W^vv and e+e^ 
ZZvv. In the limit of vanishing gauge couplings the amplitudes 
for the two subprocesses are related: 



^ ZlZl) 



A(s,t,u) (10) 
A(s,t,u) + A(t,s,u) (11) 
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with V = 246 GcV. These relations hold only for the longitudi- 
nal polarization modes. Although in the present study all modes 
are included, they lead us to expect an increase in the rate for 
both processes with positive 0:4 and a^. Negative values tend to 
reduce the rate as long as the leading term is not compensated. 

IV. CALCULATION 

Using the above Lagrangian, the full squared matrix elements 
for the processes e+e^ W'^W~vv and e+e^ ZZvv 
have been analytically calculated and numerically integrated at 
•\/s = 1600 GcV (omitting Z decay diagrams, see below). The 
backgrounds e+e^ W^W^e^e^ and e+e^ W^Ze^v 
are relevant if the electrons escape undetected through the 
beampipe. In that region they receive their dominant contribu- 
tion through 77, 7Z and fusion which has been calculated 
within the Weizsacker- Williams approximation ||l3|]. 

A set of optimized cuts to isolate various strongly interacting 
W signals has been derived in [||] . It turns out that similar cuts 
are appropriate in our case: 

|cos6i(W^)| < 0.8 
150 GeV <pt(1^) 
50 GeV < pt{WW) < 300 GeV 
200 GeV < Minv(H 
700 GeV < Mi„v(W^VF) < 1200 GcV 

The lower bound on pt{WW) is necessary because of the large 
W~^W' e^e^ background which is concentrated at low px if 
both electrons disappear into the beampipe. We have assumed 
an effective opening angle of 10 degrees. The cut on the Dv in- 
variant mass removes events where the neutrinos originate from 
Z decay, together with other backgrounds [^. For the ZZ final 
state the same cuts are applied, except forp™'"(ZZ) which can 
be reduced to 30 GeV. 

The restriction to a window in Minv{WW) between 700 and 
1200 GcV keeps us below the region where (apparent) unitarity 
violation becomes an issue. Furthermore, it fixes the scale of 
the measured a values, which in reality are running parameters, 
at about 1 TeV. In any case, including lower or higher invariant 
mass values does not significantly improve the results. 

For the analysis we use hadronic decays of the W^W~ pair 
and hadronic as well as e^e^ and /i^/i^ decays of the ZZ pair 



In addition, we have considered WW jjiv decay modes 
which are more difficult because of the additional neutrino in 
the final state. We find that with appropriately modified cuts the 
backgrounds can be dealt with also in that case, although the 
resulting sensitivity is lower than for hadronic decays. In the 
following results the leptonic W decay modes are not included. 

We adopt the dijet reconstruction efficiencies and misidenti- 
fication probabilities that have been estimated in |^]. Thus we 
assume that a true W (Z) dijet will be identified as follows: 

85% W, 10% Z, 5% reject (13) 
22% W, 74% Z, 4% reject (14) 



W 
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With b tagging the Z ^ W misidentification probability could 
be further reduced, improving the efficiency in the ZZ channel. 

Including the branching ratios and a factor 2 for the WZ 
background, we have the overall efficiencies 



e{WW) 
e{ZZ) 
e{WZ) 



34% 
34% 

18% id. as WW, 



(15) 
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Figure 1: Differential distributions in px and il/jnv of the W 
pair (after cuts). The dark area shows the background from 
WWee and WZev final states; the light area is the rate after 
the signal process e+e^ W^W^ vv with Q!4 = as = 
has been added; the upper curve denotes the corresponding dis- 
tribution for Q!4 = 0, as = 0.005. The WW reconstruction 
efficiency has not been included. 



V. RESULTS 

The simulations have been carried out for a number of dif- 
ferent values of the two parameters 014 and as, such that a 



two-parameter analysis was possible for all observables. Fig. |J 
shows the differential distributions in the transverse momentum 
and invariant mass of the WW pair for e+e^ W^W~vv 
including backgrounds after all cuts have been applied. The 
shown signal distribution is similar in shape to a broad scalar 
(Higgs) resonance; however, the total signal rate is smaller. 

Both channels are enhanced by positive values of the two pa- 
rameters, the ZZ channel being less sensitive to 0:4 than the 
WW channel. With actual data at hand one would perform a 
maximum-likelihood fit to the various differential distributions. 
In our analysis, however, we only use the total cross sections af- 
ter cuts. For 0:4 = as = we find 80 WW and 67 ZZ events if 
200 fb~^ of integrated luminosity with unpolarized beams and 
the efficiencies ( |l5| ) are assumed. 

In Fig. H we show the ±lcr bands resulting from the indi- 
vidual channels as well as the two-parameter confidence region 
centered at (0, 0) in the a4-a5 plane. The total event rate al- 
lows for a second solution centered roughly at (—0.017, 0.005) 
which corresponds to the case where the next-to-leading contri- 
butions in the chiral expansions are of opposite sign and cancel 
the leading-order term. This might be considered as unphysical; 
in any case, this part of parameter space could be ruled out by 
performing a fit to the differential distributions or by consider- 
ing other channels such as WZ [possibly including results from 
the LHC]. 



For the WZ background the enhancement is 1.75, whereas the 
W^W^e^e~ background remains unchanged. We now find 
182 WW and 193 ZZ events. 
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Figure 3: Exclusion limits for polarized beams. 
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Figure 2: Exclusion limits for unpolarized beams. The shaded 
bands display the ±1ct limits resulting from either one of the 
two channels; the lines show the combined limits at the = 
1, 3, 5 level. [For Gaussian distributions, this corresponds to a 
39%, 78%, 92% confidence level, respectively.] 

Since in both channels the signal part is generated only 
by the combination of left-handed electrons and right-handed 
positrons, polarizing the incident beams enhances the sensi- 
tivity of the experiments. Assuming 90% electron and 60% 
positron polarization, the signal rate increases by a factor 3. 



Here we have not taken into account that part of the intrinsic 
background to e+e^ W^W^ {ZZ)vv is not due to WW 
fusion diagrams and will therefore not be enhanced, and that 
the cuts could be further relaxed in the polarized case. Thus the 
actual sensitivity will be improved even more. 

VI. SUMMARY 

As our analysis shows, a Linear Collider is able to probe the 
chiral parameters and as down to a level of 10^"^ which is 
well in the region where the actual values are expected by di- 
mensional analysis. Full energy (^/s = 1.6 TeV) and full lumi- 
nosity (200 fb^^) is needed to achieve that goal. Electron and 
positron beam polarization both improve the sensitivity. With 
several years of running time a precision measurement of chi- 
ral parameters seems to be a realistic perspective, rendering a 
meaningful test of strongly interacting models even in the pes- 
simistic case where no resonances can be observed directly. 
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